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A b stract: The paper presents the results of comprehensive analyses concerning the phenotypic variability of the primary 
thallus in five chosen Cladonia species in relation to habitat conditions. Morphology and anatomy, as well as the cortex 
ultrasculpture, of primary squamules were examined in individual specimens from sunny and shady populations of each 
species. The Mann-Whitney U test and Principal Component Analysis (PCA) revealed several clear correlations between 
the type of habitat and the organisation of squamules. Significant differences refer mainly to anatomical features, especially 
to epinecral layer frequency and cortex thickness. On the contrary, examination of the surface ultrasculpture of squamules 
under SEM did not show any important differences between populations. Regardless of the habitat factors, a full range 
of cortical surface rugosity in samples from both habitats was noticed, and a high variability often refers to a singular 
squamule. The results indicate that some features are largely modified by environmental factors and/or depend on the 
development stage of individual specimens, and examination of these relationships should be the first step towards the 
evaluation of the taxonomic usefulness of the considered features.
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In tr o d u c tio n
The lichens of the genus Cladonia are known for their 
dimorphism: firstly, they produce a primary thallus and 
then variously formed secondary thalli, called podetia. 
The presence and appearance of these kinds of thalli 
depend on the particular species and the development 
stage of the individual specimen. The primary thallus 
can be conspicuous or evanescent; if present, it usually 
appears in a form of more or less horizontal squamules, 
stratified on the transverse section. Podetia are fre­
quently formed; however, there are many species with 
poorly developed and /o r even absent secondary thalli. 
In this case, species recognition has to  be based only on 
the character of the primary squamules. The taxonomy 
of the genus is based on morphological features com­
bined with the chemical patterns of the t.axa. Because 
both the morphology and chemistry of many Clado­
nia groups are highly diverse (e.g., Ahti 2000; Osyczka 
2011, 2012; Osyczka & Skubała 2011), molecular m eth­
ods are often applied to  clarify taxonomic problems 
(e.g., Stenroos at al. 2002; Dolnik et al. 2010; Pino- 
Bodas et al. 2010; Pino-Bodas et al. 2012, see the litera­
ture cited herein). Despite the obtainment of molecular 
data, it is still often difficult to  establish whether some
features are characteristic only for a particular taxon 
or depend largely on habitat conditions.
Environmental conditions often modify the organ­
isation and structure of lichen thalli. Some features 
highly depend on abiotic factors, such as insolation, 
humidity and thermal fluctuations. The ability of some 
lichen species to  adapt to  various m icrohabitats can 
be considerable and is frequently manifested by a clear 
eco-morphological differentiation (Pintado et al. 1997 
and literature herein). Noticeable modifications can be 
observed within one species (see Biidel & Scheidegger 
2008). This concerns, in particular, members of the 
genus Cladonia, which have high phenotypic plasticity, 
and their variability is often induced by environmental 
factors, as well as the  developmental stage of individual 
specimens (Ahti 2000, Osyczka et al. 2007).
Examination of the modificatory variability within 
Cladonia is crucial for the evaluation of the taxonomic 
usefulness of particular characteristics. This study con­
cerns five taxa having persistent primary squamules, 
viz. G. cariosa (Ach.) Spreng., C, cervicornis subsp. 
verticillata (Hoffm.) Ahti, C. foliacea (Huds.) Willd., 
C. phyllophora Hoffm., and C. symphycarpa (Flörke) 
Fr. All of these are confined to  rather open and dry sit­
uations, such as psammophilous grasslands, sand dunes
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Table 1. Collection sites and th e  m ain characteristic  of h ab ita ts  for particu la r species’ samples: Site 1 — Cladonia cariosa; Site 2 — C.
sym phycarpa , C. foliacea; Site 3 — C. phyllophora , C. cervicornis  subsp. verticillata.
Site 1
H ab ita t 1 H ab ita t 2
Site 2
H ab ita t 1 H ab ita t 2
Site 3
H ab ita t 1 H ab ita t 2
Piekary Śląskie town, W yżyna 
Locality Śląska upland
coord.: 50°21/ N; 18°58/ E
betw een Bolesław village 
and Bukowno town, W yżyna 
Krakowsko-Częstochowska upland 
coord.: 50° 17' N; 19°28/ E
P u styn ia  Błędowska desert, 
W yżyna Śląska upland
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* su b stra te  pH in H 2O determ ined by a M etter-Toledo SevenEasy apparatus.
Table 2. N um ber of m ateria ls (for each of th e  exam ined species) and th e  m ethods used for particu la r m easurem ents and observations.
C haracteristic N um ber of m ateria ls M ethod
Squam ule length and w idth 25 sam ples per h ab ita t 3 squam ules per sam ple
exam ined under a  stereoscopic 
microscope
O verall squam ule thickness, cor­
tex  thickness, algal layer thickness, 
m edulla thickness and epinecral layer 
thickness
25 sam ples per h ab ita t 
3 transverse  sections per sam ple 
3 m easurem ents per transverse 
sections
transverse  sections prepared  using a 
Leica CM 1850UV freezing ap p ara ­
tus, sta ined  w ith a  lactophenol blue
E pinecral layer frequency 25 sam ples per h ab ita t 10 transverse  sections per sam ple
solution, exam ined under a  light mi­
croscope
Surface u ltra scu lp tu re  of squam ule 2 sam ples per h ab ita t3 squam ules per sam ple
observed by Scanning E lectron Mi­
croscopy (SEM ) using a  HITACHI 
S-4700 and N O R A N  Vantage after 
spu tter-coating  th e  squam ules w ith a 
th in  layer of gold
and the edges of light forests (e.g. Ahti & Hammer 2002; 
James 2009; Osyczka & Skubała 2011). In such places, 
these lichens frequently appear jointly, forming com­
pact swards, and constitute an im portant component 
of plant communities. Based on the selected species, 
this study is aimed at answering the following ques­
tion: whether and to what extent environmental fac­
tors affect and modify the morphology and anatomical 
organisation of primary squamules.
M a te r ia l an d  m e th o d s
The lichen material was collected in the summer season 
of 2011 during a phytosociological field study concerning 
psammophilous grasslands of the upland regions in south­
ern Poland. Two habitats with different conditions were ap­
pointed for each species; for the detailed origin of the ex­
amined samples, locations of the sites and characteristics
of habitats see Table 1. Twenty-five samples of each species 
were taken from both kinds of habitats. One sample equals a 
small cluster of primary squamules and podetia, if present. 
Specimens were chosen randomly and it can be assumed 
that they generally represent various development stages. 
The samples were morphologically identified in line with the 
descriptions given by Ahti (2000), Ahti & Hammer (2002) 
and James (2009); nomenclature is given according to My- 
coBank (2012). The chemical composition of the lichen sub­
stances was analysed using TLC, in solvent systems C and 
G, following Orange et al. (2001). The lichen samples, re­
gardless of habitat, are chemically homogeneous within the 
species.
The following morphological/anatomical features were 
taken into account; abbrev. of characteristics in parentheses: 
length (SL), width (SW) and thickness (ST) of squamule, 
thickness of cortex (CT), thickness of algal layer (ALT), 
thickness of medulla (MT), epinecral layer frequency (ELF) 
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tures were measured by means of Phenix Micro Image Anal­
ysis Software after appropriate scaling. Additionally, the ul­
trasculpture of the surface of the squamule was investigated, 
The adequate number of materials and the methods used for 
particular measurements and observations are juxtaposed in 
Table 2.
Statistical analyses were performed using Statistica 10 
(StatSoft Inc.), The normality of distribution features was 
verified by Lilliefors and Shapiro-Wilk tests; some of the 
variables proved not to be normally distributed, even af­
ter log transformation. Therefore, the obtained morpholog­
ical and anatomical data were analysed using the Mum 
Whitney I fesi. Principal Component Analysis (PCA) was 
performed for all variables and was based on the correlation 
matrix.. This analysis was conducted to determine the fea­
tures which are most; Strongly correlated with the first three 
principal components and to separate the studied habitat 
groups of particular taxa» As a result, the position of ob- 
j'ects (individuals) in a multidimensional space, without any 
preliminary a •priori, assumptions, is illustrated. PC A was 
Carried out on two data matrices separately. Matrix 1 com­
prises Cladonia cariosa and C. symphycarpa , and matrix 2
includes the other species. The division into two matrices 
was dictated by the relatedness of the species and was ap­
plied in order to achieve clearness of the results and scatter 
plots.
R e su lts
Table 3 presents morphological/anatomical measure­
ments and observations for particular species sampled 
from two different habitats. The results of the Mann­
W hitney U test are provided in Table 4. Some find­
ings should be  underlined. Generally,, the anatomy of 
primary squamules depends on habitat factors greater 
than their morphology. The epinecral layer frequency 
and cortex thickness significantly differentiate the eco­
populations in the case: of as many as three species. 
The algal layer, medulla and epinecral layer thickness, 
as well as squamule length, also proved fo be variable 
depending on the habitat, but the significant plasticity 
of these features, has been revealed only for the >in-
Table 4. R esults o f th e  M ann-W hitney U test. (p <  0.05): Z and p  values f i r  each characteristic , significant Z and p  values arę given 
in bold. See M aterial and m ethods for abbrev iations of characteristics.
C haracteristic
C.  ,coriosdi C. symphycarpa. C. foliacCa C. phyllophom
C. ąeruicornis 
Subsp. yęriiciUaia
Z P Z P Z P z P Z P
SL 0.7762 0.4376 1.0963 0.2730. 3 .0 9 4 9 0 .0 0 2 0 -0.0194 0,0845 0.1941 0.8461
SW 0.4363 0.6622 0.2426; 0.8083: 0.6987 0.4848 -1.1160 0.2644 0.8443; 0.3985
ST -0:6383 0.4909 0.6403 0.5220 1.0090 0.3130 -0.8343 0.4041 -1.2225 0.2215
■0T" -1.9211 0.0547 -0.0097 0.9923 2 .4 8 3 6 0 .0 1 3 0 2 .5 1 3 0 0 .0 1 2 0 3 .5 7 0 3 0 .0 0 0 4
ALT -1.9116 0.0559 1.2614 0.2072 2 .3 2 8 6 0 .0 1 9 9 0.4172 0.6765 -0.5240 0,6003
M T -0.0388 0.9690 -0 .3880 0.6980 -0.1940 0.8462 -2 .3 4 8 0 .0 1 8 9 -1.6492 0.0991
ELF 4 .5 0 9 9 0.0000 5 .1770 0.0000 0.2992 0.7648 6 .1 5 9 1 0.0000 1.2550 0.2095
ELI 1.2613, 0.2072 1.4358 0.1511 0.7229 0.4698 6 .1 3 8 3 0.0000 1.5116 0.1306
Fig. 1. S ca tte rp lo t showing th e  resu lts  of P rincipal C om ponent A nalysis (PC A ) of individuals representing  p a rticu la r ecological groups. 
F actor loadings for a ll characteristics and  variance explained by each axis a re  provided. T h e  highest values o f factor loadings a re  given 
in bold (>  0.60). See Table 1 for h a b ita t descrip tions and  M aterial and  m ethods for abbrev iations of characteristics. C A R  1 — Cladonia  
cariosa, H ab ita t 1; C A R  2 — C. cariosa, H ab ita t 2. SYM 1 — C. sym phycarpa, H ab ita t 1; SYM 2 — C. sym phycarpa, H ab ita t 2.
P h en o ty p ic  p la s tic ity  o f p rim a ry  th a llu s  in  se lec ted  Cladonia species 3 6 9
PC 1 (51.35%)
Fig. 2. S ća tte rp lo t showing th e  re su lts  o f P rincipal C om ponent A nalysis (PC  A) of individuals representing  particu la r ecological groups. 
Factor loadings for all characteristics and variance explained by each axis are  provided. T h e  highest values o f factor loadings a re  given 
in bold (>  0.60). See Table 1 for h a b ita t descriptions and  M aterial and  m ethods for abbrev ia tions o f  characteristics. PH Y  1 — Cladonia  
phyllophora, H a b ita t I: PH Y  2 — C. phyllophora, I labil al 2. FOL 1 — ( foliacea,, H ab ita t I: FOL 2 — Q, fo l ia c e a H a b ita t 2. VI .I; 1 — 
C. c e tv ico m is  subsp. V.etticillä ta , H ab ita t 1; V E R  2 — G, cervicor-hi& subsp. veTticillata, H ab ita t 2.
gular species. The squamule width and overall squa­
mule thickness are always relatively stable: for the taxa, 
regardless of the habitat. Considering the intraspecific 
variability, primary squamules of Cladonia phyllophora 
and G, foliaceci. are the most phenotypically dependent 
upon habitat factors.
According to  the PC A performed on m atrix 1, and 
considering the  features modified by the m icrohabitat, 
a th ird  axis separates the two habitat groups of both 
species. This axis is influenced mostly by the  frequency 
of the epinecral layer (Fig. 1). The analysis based on 
data from m atrix 2 demonstrates a clear distinction be­
tween the two habitat groups only in the case of Clado­
nia phyllophora. Five features (SI.. SW, ST. CT, NT) 
were the most im portant for separation along the first) 
axis and the algal layer along the second one. The habi­
ta t  groups of the other species are not so differentiated 
(Fig. 2).
Generally, a full range of cortical surface rugos­
ity, from entirely smooth, through slightly rugose, to 
Strongly fissured and cracked, was observed under SEM 
in all the considered species. It is im portant to  note 
th a t this ultrasculpture diversity relates to  the squa- 
mules originating from the singular sample (Figs 3-7). 
None-specihc patterns of squamule ultrasculpture were 
recognised, which could Correlate with the; habitat. In 
some cases, high variability of the cortex surface was 
even observed within one squamule (Figs 4c and 7e)>
D iscu ss io n
The huge modificatory variability of many lichens al­
lows them  to adapt to  diverse environmental conditions 
and to colonise: various habitats. Microclimatic factors
Fig. 3. Cladonia cariosa  — sam ple from  Site 1, H ab ita t 2; a, 
b: transverse  sections o f p rim ary  squam ule, scale m  40 pm  (e 
— epinecral layer), c—f: range of th e  p rim ary  th a llu s surface ulras- 
cu lp tu re, SEM m icrographs, scale =  100 pm.
may modify and even affect the development of some 
features, both morphological and anatomical, Differ­
ent eco-morphologic&l populations for the lichen species 
were observed and correlated with their specific habitat 
(e.g. Tretiach & Brown 1995; Pintado et al. 1997; Rikki-
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Fig. 4. Cladonia sym phycarpa  — sample from Site 2, Habitat 1; 
a, b: transverse sections of primary squamule, scale =  50 pm 
(e — epinecral layer), c—f: range of the primary thallus surface 
ulrasculpture, SEM micrographs, scale = 100  pm.
Fig. 6. Cladonia phyllophora  — sample from Site 3, Habitat 1; 
a, b: transverse sections of primary squamule, scale js= 40 pm 
(e — epinecral layer), c—f: range of the primary thallus surface 
ulrasculpture, SEM micrographs, scale = 100  pm.
Fig. 5. Cladonia foliacea  — sample from Site 2, Habitat 1; a, 
b: transverse sections of primary squamule, scale =  50 pm (e — 
epinecral layer), c—f: range of the primary thallus surface ulras­
culpture, SEM micrographs, scale =  100 pm.
nen 1997; Btidel m- Scheidegger 2008). Many Cladonia 
are known for their high morphological diversity, and
Fig. 7. Cladonia cervicornis  subsp. verticilla ta  — sample from Site 
3, Habitat 1; a, b: transverse sections of primary squamule, scale 
=  40 pm (e — epinecral layer), c—f: range of the primary thallus 
surface ulrasculpture, SEM micrographs, scale = 100 pm.
such plasticity was found to be associated with the in­
fluence of environmental factors and/or development
P h en o ty p ic  piast icily o f p rim a ry  th a llu s  in  se lec ted  Cladonia species 3 7 1
stage and m aturity of individuals (Ahti 2000; Osyczka 
2005).
There are aggregates of Cladonia in which the char­
acter of primary squamules has been considered as fun­
damental -  or at least im portant -  in related taxa diag­
nosis, g.g. the C, cariosa, C. cervicornis, G. coniocraea, 
G, digitata, C  foliacea and G. pyxidata groups. Re­
cently, taxonomic problems have tried to be resolved 
by means of molecular studies (e.g. Kotelko & Piereey- 
Normore 2010; Pino-Bodas et al. 2010; Pino-Bodas et 
al. 2011; Pino-Bodas et: al. 2012). Some of these pa­
pers suggest th a t  The characters are apparently modi­
fied by environmental conditions or they can be depen­
dent on the st&ge of development of individuals. Nev­
ertheless, the  plasticity of features is often not taken 
into account if the obtained monophyletie linkages have 
to  be somehow explained by their phenotypes. In such 
case; there is a  risk tha t ascertained feat u n s  are over­
interpreted from a taxonomic point of view. Therefore, 
study on phenotypic plasticity, particularly on the basis 
on neighbouring populations and those having the same 
life history, seems to  be essential for understanding the 
sources and ranges of variability.
The main factor differentiating the two types of 
habitats considered here is their exposure to  sunlight 
and, as a consequence, local daily humidity and temper­
ature fluctuations. Im portant, mainly anatomical, dif­
ferences- in the organisation of primary squamules be­
tween populations from contrasting habitats have been 
found in our study (Figs 1 and 21. The epinecral layer 
proved to appear more frequently in the G. cariosa, G, 
sym,phyearpa and C. phyllophora populations from fully 
open situations (Table 3). Additionally, we observed 
th a t  in such places, this layer is more continuous and 
somewhat thicker. We would assert th a t th e  presence of 
an epinecral layer is an individual feature of the spec­
imen or may even vary within the singular squamule 
(e.g.., Figs 3, 4, 5). Therefore, we cannot confirm the 
taxonomic value of this feature, as was recently found 
in the G. cariosa group (Pino-Bodas et al. 2012). In 
a general context, an upper cortex with an epinecral 
layer appears in the species, or in some specimens of 
the same species, which exist in a sunny and fully ex­
posed habitat; the structure serves as a protective func­
tion (Btidel <te Lange: 1994; Btidel & Scheidegger 2008). 
Cladonia foliacea and G. cervicornis subsp. in rlicillnln 
form an outer epinecral layer sporadically (Figs 5 and 
7). However, in sunny populations of both taxa and 
G. phyllophora, a relatively Thicker cortex was noted. 
One of the functions of this layer is protection of the 
photobiont against excessive light (Jahns 1988; Kap­
pen 1988). Besides the aforementioned clear anatomical 
modifications, a thicker algal layer and thicker medulla 
were observed in shady populations of G. foliacea and 
G, phyllophora, respectively (Table 3). However, these 
correlations are relatively weak (Table 4). Considering 
the morphology, the squamules proved to  be signifi­
cantly longer for specimens of C. foliacea from sunny 
sites (Table 4). They refer somewhat to  intermediate 
forms between C, convoluta (Lam.) Anders and C. fo-
Fig. 8. F issures and  “notches” in th e  cortical layer o f Cladonia  
fo liacea  p rim ary  squam ule — sam ple from  Site 2, H ab ita t 2; tra n s ­
verse section under light m icroscope, scale =  40 pm  (a) and  under 
SEM , scale m  50 p m  (b).
liacea (Burgaz et al. 1993). According to Pino-Bodas 
e t al. (2010), the molecular and morphological data 
does not delimit the  two species within the G. corimo- 
luta/C. foliacea complex. Moreover, morphological di­
versity was suggested as a  phenotypical response to en­
vironmental conditions (Litterski & Ahti 2004; Pino- 
Bodas et al. 2010).
Inspection of primary squamules under SEM did 
not show im portant differences in the cortex ultra­
sculpture between populations from different habitats. 
Furthermore, a full range of cortical surface rugosity 
within one sample was sometimes observed (Figs 3­
7). Although the taxonomic: value of the  Cortical sur­
face under SEM in the G. cariosa group was appointed 
(Pino-Bodas ei al. 2012), our results contradict this 
thesis. Presumably, fractures on the surface of squa­
mules are connected with physical processes, for exam­
ple associated with their growth and/or swelling dur­
ing water absorption. Thus, the sculpture of the cortex 
can be explained by theories related to the  strength of 
materials (e.g. Schijve 2009). When examining cross­
sections stained with a lactophenol blue solution and 
under SEM, fungal hyphae with strongly gelified walls 
in a number of areas of the cortical layer can be seen 
(Fig. 8). The: pressure arising from the Inside of the 
squamule causes the  development of cracks and fissures 
in a rigid and low elastic cortex. This process can be ac­
celerated by the so-called notch effect (e.g. Pluvinage & 
Gjonaj 2001). When the notch radius is smaller, or the 
end of the notch is sharper, then the  stress concentra­
tion is higher at this point, and the process of further 
cracking is more likely (Fig. 8). In addition to these,, 
there are many other processes, e.g. bending, torsion, 
which could affect the cortex.
Finally, the phenotypic variability of specimens 
of Cladonia can be heavily induced by environmen­
tal factors and growth phases: and is not necessar­
ily a reflection of their genotype (Ahti 2000; Kotelko 
& Piercey-Normofe 2010). Due to  this high plastic­
ity, taxonomic evaluation of the significance and use­
fulness of some features is not possible without tak ­
ing into account these facts. This particularly concerns 
continuous features/inherently variable, whose devel­
opment state could depend on the sum of various fac­
tors.
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